Abstract-This work explores the viability of 5G New Radio spectrum sharing in Ultra High Frequency (UHF), Super High Frequency (SHF) and millimetre wavebands(mmWaves) in outdoor environments. In the mmWaves the linear cellular topology is considered while in the UHF/SHF bands cells with hexagonal shape are assumed. Performance evaluation includes the study of the behaviour of PHY and supported throughput for 2.6, 3.5, 28, 38, 60 and 73 GHz. While the two-slope model is considered for the 2.6 and 3.5 GHz frequency bands, the modified Friis propagation model, with shadow fading, and different values for the standard deviation, is the considered in the millimetre wavebands. With sharing, lower system capacity is supported. We clearly observe that, for coverage distances up to circa 100 m, the supported throughput is higher at the millimetre wavebands, mainly due to the reduction that characterizes the application of the two-slope propagation model at the UHF/SHF bands.
I. INTRODUCTION
Low availability of land for base stations installations, intercell interference, and costly infrastructure are obstacles to increasing network coverage and capacity. These Heterogeneous Network (HetNet) scenarios towards 5G, small cell (SC) based Cloud radio Access Networks (C-RAN) [1] are an excellent alternative that offers enhanced interference control, access control, and manageability. In C-RAN, baseband processing is centralized and shared among sites in a virtualized baseband unit (BBU) pool. This means that it is able to adapt to non-uniform traffic, for example traffic in the office during the day and residential traffic during the night, and utilizes the resources, i.e., base stations, more efficiently.
While Rel-14 focused solely on 5G study items, the normative work for the first phase of 5G system specification has started within Rel-15 targeting freeze date of September 2018, while the so-called non-standalone (NSA) "5G version" targets its completion half year earlier. The 3GPP Rel-15 features, covering LTE enhancements and towards 5G aspects, are shown in Fig. 1 . The first phase of the 5G systems covering the most immediate set of use cases envisioned for 5G is going to be completed within Rel-15, including enhanced Mobile Broadband (eMBB), and some Ultra-Reliable Low latency Communications (URLLC) aspects, while the second phase targets Rel-16. The First set of work-items for 5G phase 1 includes 5G Dual connectivity and LTE Connectivity to 5G. Core Network (5G-CN), [2] . In the first phase of 5G system specification, the radio access called New Radio (NR) should cover the features to serve eMBB and URLLC use cases using the frequency ranges of up to 52.6 GHz. One of the key aspects for NR in Rel-15 is to allow forward compatibility for smooth introduction of the features that will be brought within Rel-16 along with 5G phase 2. The approval of a study of 5G NR in unlicensed spectrum includes both an 'anchor' in licensed spectrum (the 5G licensed assisted access, LAA, version) and stand-alone in unlicensed spectrum (the 5G MulteFire version), i.e., within NR Spectrum Sharing, NR in unlicensed will become the 5G evolution path for both LAA and Multefire.
The spectrum scarcity nowadays, and the policy of spectrum licensing, whereby wireless systems get exclusive access to spectrum, potentially leads to highly inefficient use of spectrum. Large portion of the assigned spectrum are used sporadically as other bands have an increase in spectrum demand. Unlicensed and licensed shared spectrum have a set of possible advantages [3] , [4] , which can potentially lead to greater spectral efficiency than exclusive access. Optimization of the access using shared bands allows the assignment of the underutilized spectrum resources, where spectrum can be shared between license holders and secondary users. According to [5] , dynamic spectrum sharing can be done through dynamic spectrum allocation, open sharing or hierarchical access mode. 3GPP
Release 13-14 have adopted the LAA technology to deploy LTE-A networks on the 5 GHz unlicensed bands [6] , [7] . LAA has adopted CA as a mandatory function, and a licensed carrier must coexist with unlicensed carrier. SCs are the adequate candidate to accomplish the regulation in terms of limitation on the maximum transmitter power. Sharing between primary and secondary users is most useful when primary system has been give exclusive rights through licensing, as there are generally times and/or locations where other devices could transmit in this spectrum without causing harmful interference. In the context of spectrum sharing within Rel-15, these NR access technologies include i) LTE-Unlicensed/ LAA, ii) LTE-WLAN Aggregation (LWA), iii) Multefire (an LTE-based technology for SCs operating solely in unlicensed spectrum) and iv) Citizen Broadband Radio Service/ Licensed Shared Access (LSA).
In a simplistic approach, a scenario with "no sharing", where each mobile operator (MO) has dedicated licensed spectrum for SCs, could be considered. In this framework, MOs are free to optimize throughput and packet loss ratio with respective frequency reuse. However, as there are limitations in the availability of dedicated spectrum for each operator, this work considers a second case of sharing without coordination, which means that each operator adopts the same frequency reuse strategy as in the first scenario. Spectrum sharing access assumes that two or more MOs have dedicated spectrum for macro cellular layer while SCs will share the access to spectrum in an opportunistic manner. In this research, we address a very simple sharing scenario, in the SC layer, where we simply start adding a/various co-channel cells, from a different operator, over the cellular topology from the initial operator.
The aim of the work is to compare the system capacity, measured by the supported throughput, for cells of few hundred meters coverage in scenarios with simple frequency sharing configurations. The frequency bands in the SC layer are the 2.6 or 3.5 GHz, and 28, 38, 60 or 73 GHz.
The remainder of the paper is organized as follows. Section II presents the scenario and topology of the sharing framework for Ultra High Frequency (UHF), Super High Frequency (SHF) and millimetre wavebands (mmWaves), and address the formulation for the carrier-to-interference ratio, C/I, that allows for modelling the reuse topologies and the underlying frequency sharing topologies, with simple assumptions. In section III, the performance evaluation considers the mapping between the carrier-to-noise-plus-interference ratio (CNIR) and the physical throughput, to obtain the supported throughput through an implicit function formulation. The analysis of the results facilitate to understand the frequency reuse trade-off in such scenarios and comparing the use of frequency sharing among different bands. Finally, conclusions are drawn in Section IV.
II. SHARING FRAMEWORK

A. Scenario and topology
In scenarios with spectrum sharing it is expected to see small cells from different operators placed close to each other. The challenge is to evaluate the pros-and cons-of dedicated spectrum compared to shared spectrum. In this initial effort, we decided to address a SC sharing scenario where we simply start adding a/various co-channel cells from a different operator positioned in the six corners of the central small cell from the initial operator, as shown in Fig. 2 . From a detailed analysis of the variation of the supported throughput with the coverage and reuse distances, for different values of the Channel Quality Indicator (CQI) and given ITU-R propagation models, an evaluation of the possible range for the reuse factor is performed for the downlink (DL) of LTE-A.
By considering CQI and reference carrier-to-noise-plusinterference ratio (CNIR) requirements recommended by 3GPP, DL peak bit rates along with the Transport Block Size assumed for single stream and bandwidths of 10 and 20 MHz, PHY and supported throughputs are analysed. Whereas the 10 MHz bandwidth is considered for mobile systems operating in the 2.6GHz and 3.5 GHz bands, 20 MHz bandwidth is considered at the mmWaves (28, 38, 60 and 73 GHz), as in [8] .
In the UHF and SHF bands, six scenarios are considered, East, Northeast, Southwest, Southeast, Northwest and West. The interference that outcomes from an interferer placed at the east corner is equal to the one form the northwest corner (represented in blue and pink, respectively, Fig. 2 ). Also the interference that outcomes from an interferer placed at the west corner is equal to southeast corner (represented in yellow and purple, respectively). For this reason, four out of six cases are going to be analysed, i.e., southwest, southeast, east and northeast. Fig.4 shows the position of the six considered interferers.
The following cases are superimposed in Fig. 2 . The interferer (SC from MO #2) is in the i) Southeast of the central cell, ii) left hand side (Southwest) of the central cell, iii) East and iv) Northeast, causing interference in the central cell, on top of the other six co-channel cells at the first ring of interference (from MO #1). These four cases are represented in i) purple, ii) black (this is the worst-case), iii) blue and iv) red, respectively;
The UHF/SHF frequency bands considered for the small cells, by now, are 2.6 GHz and 3.5 GHz. For every case, we present the variation of CNIR and PHY throughput with the distance, d, for different cells sizes. The distance from the user to the eNB, d, verifies 0 ≤ d ≤ R (e.g., R = 150 m). Line-of-sight (LoS) propagation is assumed, and preliminary results are obtained for a bandwidth BW=10 MHz.
In order to study the variation of the CNIR and supported throughput with the coverage distance, R, the supported throughput is computed through the implicit function analytical formulation from [9] . The supported throughput is compared for 2.6 GHz (UHF), 3.5 GHz (SHF) , 28, 38, 60 and 73 GHz (mmWaves) for a bandwidth BW=20 MHz. Fig. 3 presents the hexagonal-shaped interference topology for the UHF/SHF frequency bands, where eNBs from the six cochannel cells form MO #1 cause interference in the user equipment at the edge of the central cell (downlink), and the eNB from MO #2 is an additional source of interference. In the depiction to compute the variation of the PHY throughput throughout the cell, the user moves from the centre to the cell edge through a straight line. In this case, in the formulation for C/I, R (the distance from the eNB to the user equipment in the cell edge, in the worst-case) is replaced by d, the distance from the eNB (centre of the cell) to the cell edge, so 0 ≤ d ≤ R. This replacement is because the user is not on the cell edge anymore. Along this path, the user will get interference not only from the six co-channel cells but also from the additional interferer (MO #2), in this case positioned at Northeast.
B. Formulation
Considering the distance between the user and the cochannel cell F represented as dUF, or from the user to the cochannel cell E represented as dUE, the equation for the distance of the interferer eNB, using the shared frequency, is as follows:
Note that, for the path considered for the user, the interference from cell F at the user equipment is equal to the interference from cell B, while the interference form cell E is equal to the one from C. The underlying equation for the carrier-to-interference ratio (without considering the interference from the cell that uses the shared band) is as follows:
(1) where D is the reuse distance.
To consider sharing corresponds to add dI-sharing -γ in the denominator, where dI-sharing is computed as follows:
• East Interferer:
• Northeast Interferer:
• Southwest Interferer: R-d
• Southeast Interferer:
The representation above considers the cell that uses the shared band and the user straight line path mentioned above.
In practice, one obtains the following equation for the carrier-to-interference ratio:
2) The values represented in (2) are obtained when we consider only the interference from co-channel cells, by replacing R by d (user equipment not placed on the cell edge anymore) in Fig. 3 .
The propagation model and formulations that are applied in the UHF/SHF bands are proposed in [10] . In the mmWaves, we consider a linear topology, as in [8] , but with an additional cell from the second mobile operator (and LTE as the air interface, as a simplification). The cell belonging to MO #2 that uses the shared band is shown in Fig. 4 (green cell) . We consider the linear cellular topology in an attempt to represent the worst-case of CNIR from a Manhattan grid topology, which are alike the worst-case bounds from a linear cellular topology. The interference geometry is shown in Fig. 4 , with reuse pattern K=2, as described in [8] , where the user moves horizontally from the centre to the edge of the cell.
In this topology, the equation for the carrier-to-interference ratio in the user equipment at a distance d from the eNB (downlink) is as follows:
where D=4·R in the specific topology from Fig. 4 . The interferer from MO #2 is at the left hand side of the original central cell and the interferer coming from it is at distance R+d from the user equipment (UE).
The propagation model and formulations that are applied in the mmWaves (mainly in LoS) are presented in [8] . 
III. PERFORMANCE EVALUATION
In order to study the variation of the CNIR and supported throughput with the coverage distance (for the downlink, DL),
R, the supported throughput is computed through the implicit function analytical formulation that was already applied in [8] , [9] . One example of the variation of the PHY throughput that corresponds to the curves of CNIR for the mmWaves is presented in Fig. 5 , where sharing is considered with the interferer from MO #2 placed at a distance R+d from the UE. For a bandwidth of 20 MHz the best cases have been considered, which correspond to the interferers placed at Northeast and East. The breakpoint distance is computed as follows: = 4 ℎ ℎ 3 * 10 8 (4) where f is the frequency in (Hz), hu is the user height and hBS is the base station height.
By using (4), one concludes that the breakpoint distances for 2.6 GHz, 3.5 GHz, and mmWaves (i.e., 28, 38, 60 and 70 GHz), are 156, 210, 1680, 2280, 3600 and 4380 m, respectively.
All the parameters considered for the UHF/SHF bands from Table 1 are based on the values from [11] .
By comparing all the curves in Fig. 6 we can observe that for intermedium values of the coverage distance the supported throughput at 2.6 GHz is higher than at 3.5 GHz, because of the impact of the different values for the breakpoint distance. With sharing, in general, lower values of the system capacity are supported. For the Southwest and Southeast interference scenarios, the supported throughput in both frequency bands is similar up to R = 200 m and R = 180 m, respectively.
One considers that R varies between 10 and 300 m, and that σ ≠ 0 for mmWaves [8] . By analysing the results from Fig. 7 , generally, the supported throughput for the sharing scenario is higher for the 28 GHz frequency band compared to the remaining millimetre frequency bands (38, 60 and 73 GHz). One observes that the system capacity decreases for increasing coverage distances. In the sharing scenario at mmWaves, the supported throughput is highly reduced by the interference caused by the cell from a different mobile operator. However the ubiquitous coverage of the mobile communication system remains, as the PHY throughput does not reach zero inside the cell.
To understand the practicability of considering spectrum sharing in UHF, SHF and mmWaves, Fig. 8 puts together all the curves from the analysis for these frequency bands. On the sharing scenario, it is noticeable that, due to the behaviour arising from the two-slope model (Umi LoS) applied to 2.6 and 3.5 GHz, the supported throughput at the mmWave is higher than for the UHF/SHF bands for the shortest Rs. As an example, it is worthwhile to highlight that, with the Northeast Interferer, the supported throughput at 28, 38 and 60/73 GHz is higher than:
• the supported throughput at 2.6 GHz, for coverage distances up to circa 130, 110 and 60 m, respectively; • the supported throughput at 3.5 GHz, for coverage distances up to circa 160, 95 and 75 m, respectively. For longer Rs, the supported throughput from the sharing scenario converges to the one from the scenario without sharing. In order to study the influence of different frequency bands in the results of the PHY throughput as a function of R, three dimensional (3D) graphs have been drawn, as in [8] , [10] , where the cell size (R) varies from 10 m to 300 m.
Through the analysis of 3D view graphs of the PHY throughput, e.g., the Northeast interferer in Fig. 12 (the best case for the considered sharing scenarios), the higher supported throughput has an increasing behaviour when the coverage reaches circa 140-150 m, around the breakpoint distance (dBP). After this distance, the highest MCSs are supported for a larger region of the cell and then the supported throughput is continuously increasing (in the range of Rs presented here). In the 3D view chart for the scenario without sharing from Fig. 13 , the higher PHY throughput is also reached for long distances, and the change of behaviour occurs for distances of circa dBP/rcc, as discussed in [10] . In the mmWaves, an example is presented in Fig. 14 for the PHY throughput at 28 GHz. As the breakpoint distance is a 1680 m, the behaviour is the one for a single slope propagation model.
As the coverage distances increases the upper MCSs are supported up to shorter distances inside the cells. These results allows for interpreting why at the mmWaves the system capacity is clearly higher for the shortest coverage distances, ceasing to be better for longer distances. This study analyses the viability of spectrum sharing for Ultra High Frequencies and Super High Frequencies as well as for the mmWaves. The PHY and equivalent supported throughput within cells have been assessed while considering reuse pattern K=3 and K=2 for UHF/SHF and mmWaves, respectively. We assume in this preliminary phase that LTE is also considered for the mmWaves. The computation of interference considers LoS propagation models. From this preliminary analysis, we have learned that the highest system capacity and the highest modulation and coding schemes are achievable for the shortest coverage distances at mmWaves whereas the supported throughput for long coverage distances is clearly more favourable for UHF/SHF with/without sharing.
In fact, due to the behaviour arising from the two-slope propagation model (Umi LoS) applied to 2.6 and 3.5 GHz, the supported throughput at the mmWaves is higher than the one for the UHF/SHF bands for the shortest Rs. 
